ABSTRACT Chronic lung diseases such as asthma, chronic obstructive pulmonary disease and idiopathic pulmonary fibrosis are a major and increasing global health burden with a high unmet need. Drug discovery efforts in this area have been largely disappointing and so new therapeutic targets are needed. Transient receptor potential ion channels are emerging as possible therapeutic targets, given their widespread expression in the lung, their role in the modulation of inflammatory and structural changes and in the production of respiratory symptoms, such as bronchospasm and cough, seen in chronic lung disease.
Introduction
Chronic lung diseases are a major global healthcare burden and present an unmet need with regard to the availability of effective therapies. There have been relatively few new classes of therapeutics introduced over the past 40 years [1, 2] . Although some new chemical entities have entered the respiratory space, most of the "new" small-molecule treatments have been improvements to existing drugs with the introduction of longer acting inhaled β 2 -adrenoceptor agonists (LABAs) and anticholinergics (LAMAs) and inhaled corticiosteroids with an improved therapeutic ratio. Biological therapies have been more successful, at least for allergic airways disease, with the development of IgE and interleukin (IL)-5, IL-4 and IL-13 targeted therapies [3] .
Ion channels are attractive drug targets because they play a crucial role in controlling many physiological processes, and because their dysfunction can lead to pathophysiology. Furthermore, in nonrespiratory conditions there is a historical precedent for discovering and commercialising successful drugs that modulate the activity of voltage-gated sodium, calcium or potassium channels, or ligand-gated ion channels [4] . It is not clear why this approach has not extended to respiratory diseases, but recent publications suggest that this is about to change with increasing recognition that modulation of ion channel function may be a successful strategy for modelling the aberrant pathophysiological changes observed in chronic lung diseases.
One of the most studied ion channel families are the transient receptor potential (TRP) family of ion channels. TRP channels were originally discovered in Drosophila as phototransduction proteins, and this led to the identification of a large family of proteins [5] . There are 28 mammalian TRP channels, which are subdivided into seven groups based on sequence homology: TRPV (vanilloid), TRPA (ankyrin), TRPM (melastatin), TRPP ( polycystin), TRPC (canonical), TRPML (mucolipin) and TRPN (no mechanoreceptor potential C; not expressed in mammals) [6, 7] . TRP channels are cation-selective ion channel proteins with a preference for calcium that are widely expressed in the respiratory tract across a wide range of neuronal and non-neuronal cell types. The focus of this article is the particular TRP channels whose expression profiles and functional effects have been documented within the respiratory tract, namely TRPV1, TRPV4, TRPA1, TRPM8 and TRPM3. We focus on the role of these channels in asthma, chronic obstructive pulmonary disease (COPD), idiopathic pulmonary fibrosis (IPF) and chronic idiopathic cough [8] [9] [10] [11] . In the main, TRPs have been studied in the context of the part they play in the activation of airway sensory afferents and the cough reflex, but a role is emerging for TRPs in the broader context of chronic lung disease pathophysiology with a modulatory function in the control of inflammatory and structural cell function. This review summarises what is known about the TRP channel and sensory nerve function and expands on the wider role of TRPs in non-neuronal cells.
Chronic lung disease
Asthma and COPD are both obstructive airways diseases and are characterised by chronic inflammation of the respiratory tract. Both diseases are prevalent and increasing throughout the world. Although asthma can be controlled well with inhaled corticosteroids, adherence to this treatment is poor and inhaler use often inadequate [12] . ∼20% of asthma patients are particularly difficult to manage, and 3-5% of patients have severe disease that is not controlled even by maximal-dose inhaled corticosteroid treatment and a LABA [13] . COPD is characterised by a progressive fixed airflow limitation that is often associated with a chronic inflammatory response to inhaled gases or noxious particles, usually cigarette smoke. COPD is considered at diagnosis based on the presence of chronic cough, dyspnoea, sputum production and exposure to known risk factors such as cigarette smoking. No current treatments, including corticosteroids, reduce disease progression or mortality and have relatively little effect (∼20% reduction) in preventing exacerbations [14] . Therefore, there is a need to develop more effective therapies.
IPF is a chronic progressive and invariably fatal scarring lung disease with a prognosis <3-5 years, which is worse than many cancers [15] . Although the aetiology and the pathogenesis of IPF are not understood, two antifibrotic drugs, pirfenidone and nintedanib, have recently shown some efficacy in slowing disease progression and are now approved as treatments in the United States and Europe, but the effect of these treatments is relatively small. In addition, patients often deteriorate within months of diagnosis and frequently report debilitating symptoms and a reduced quality of life due to breathlessness and cough. The major activity in the pharmaceutical industry is focused on finding treatments for asthma and COPD based on their prevalence and unmet need. Although IPF is classified as a rare disease, and by definition this means that it is not prevalent, it is in the interest of pharmaceutical companies to obtain orphan designation, because it allows them to apply for clinical development incentives and for fee reductions in regulatory procedures. Consequently, there is a strong drive within many respiratory-focused companies to find effective treatments for IPF [15] .
Cough is an important reflex mechanism, whose primary function is to protect the airway from the inhalation of irritant substances. However, excessive cough is a symptom of several chronic lung diseases due to the increased activation of sensory afferent neuronal pathways [16] . Chronic cough can be idiopathic in nature, but is also a major symptom of most chronic lung diseases, including COPD, asthma, IPF and lung cancer, or conditions outside the lung, such as gastro-oesophageal reflux and rhinosinusitis [17] . Chronic cough severe enough to interfere with the normal activities of daily life is thought to affect ∼7% of the population [18] . Antitussive medications are one of the most widely sold over-the-counter (OTC) medications, but a systematic review found a lack of evidence to support the use of OTC medicines for the treatment of cough [19] . Despite the high prevalence, treatment of chronic cough is still a significant unmet medical need, and there is an urgent requirement for new, safe and effective therapies.
Role of TRP channels in sensory nerve activation and respiratory reflexes and cough
The cough reflex is regulated by vagal afferent nerves which innervate the airway [8, 20] . The cell bodies of airway sensory nerves are mostly housed in the nodose and jugular ganglia. The nodose and jugular ganglia have different embryonic origins; the nodose is epibranchial placode-derived, and the jugular is neural crest-derived, and as a result they express different proteins (e.g. ion channels or G protein coupled receptors (GPCRs)) and house different populations of nerve fibres. There are several known sensory nerve subtypes present in the lung, which can be identified based on adaptation indices, physiochemical sensitivity, neurochemistry, origin, myelination conduction velocities and sites of termination [8, 21] . Of these sensory nerve subtypes, some are more mechanically sensitive: the rapidly adapting receptors, slowly adapting receptors and the subtype known as the "cough" receptor; and some are more chemosensitive: C fibres and Aδ nociceptors. Ion channels present on these vagal nerve termini (and possibly neuronal auxiliary cells) situated in and under the airway epithelium can be activated by a wide variety of stimuli to elicit cough and other reflexes. These include mechanical stimuli such as punctate touch and lung inflation, inflammatory mediators released during disease such as prostaglandin (PG)E 2 and bradykinin, environmental irritants such as cigarette smoke and pollutants, changes in osmolarity of the airways and changes in pH or temperature [8] . The main family of ion channels implicated in the initiation of sensory reflexes are TRP channels. Until recently, TRP channel biology, at least in the respiratory arena, has been mainly focused on their role in sensory nerve function.
TRPV1
TRPV1 is a polymodal ion channel that is activated by diverse stimuli, including the direct activators capsaicin (active constituent of chilli peppers from piquant Capsicum species plants), noxious heat >42°C, acidic conditions and protons that interact directly with the channel to cause a lowering of its voltage dependency, leading to opening of the pore domain [22] . It can also be activated indirectly by endogenous "disease-relevant" mediators, including bradykinin and PGE 2 via activation of their own GPCRs (B 2 and EP 3 , respectively) and secondary signalling pathways not yet clearly defined [8] [9] [10] 23] . Although it has been demonstrated that TRPV1 contains domains for binding proteins such as A-kinase-anchoring protein that can influence its activity by facilitating interactions with the signalling cascade kinases protein kinase A and C [24] .
The majority of articles so far have focused on the role of capsaicin, and thereby the TRPV1 receptor, in the activation of the cough reflex [25] [26] [27] . Interestingly, the tussive activity of capsaicin was noted many years before the identification of TRPV1 [28, 29] . However, subsequently, TRPV1 was discovered by CATERINA et al. [22] when it was cloned from rodent dorsal root ganglion neurons and identified as the molecular target for capsaicin. Later, TRPV1 mRNA was also found to be expressed in airway-specific neurons in the vagal ganglia via single-cell reverse transcriptase PCR [30, 31] . Dogma states that TRPV1 is expressed on a subset of capsaicin-sensitive slow-conducting unmyelinated C fibres, but it is now known to be more widely expressed on fast-conducting Aδ-fibres [32] .
A significant amount of information has been gathered regarding the biology of TRPV1 from clinical capsaicin challenge studies. Interestingly, the threshold for provoking cough by capsaicin (often referred to as the C2 or the C5: concentration of capsaicin required to elicit two or five coughs, respectively) has been found to be lowered in various populations of COPD [33] [34] [35] , asthmatic [33, [35] [36] [37] [38] [39] , IPF [40] and chronic idiopathic cough [35, 41] patients who have chronic cough compared to healthy controls. These data imply that TRPV1 function is increased in a disease setting. Conceptually, TRPV1 function can be modulated in a respiratory disease setting by 1) elevated levels of the endogenous activating mediator produced by the "diseased" lung; 2) peripheral or central sensitisation of the ion channel so that it responds at lower thresholds; and 3) phenotype change in the nerve leading to increased expression of the ion channel. In fact, increased levels of presumed activators/sensitisers of the channel are found in the lung of asthma and COPD patients and neuronal phenotype change noted in disease-relevant models. For example, higher concentrations of PGE 2 [42] and bradykinin [43] have been found in the airways of patients with asthma and COPD. Increased PGE 2 levels have been found in idiopathic cough and cough associated with postnasal drip, gastro-oesophageal reflux disease, cough variant asthma and eosinophilic bronchitis [44] . Furthermore, in an animal model of asthma where guinea pigs were sensitised and challenged with ovalbumin or administered neurotrophin there was an increase in the number of TRPV1-positive neurons ( particularly of the nodose-originating, Aδ subtype), suggesting that neural pathways innervating the lung can be influenced by their environment to undergo a phenotype change [31] . Similar data have been generated in a rat model of asthma with an increase in TRPV1-expressing neurons in the nodose ganglia [45] . In a recent study, patients with COPD had increased cough responses to capsaicin, but reduced responses to PGE 2 compared with healthy volunteers [35] . Consistent with these findings, capsaicin caused a greater number of coughs in cigarette smoke-exposed guinea pigs than in control animals; similar increased responses to capsaicin were observed in ex vivo vagus nerve and neuron cell bodies in the vagal ganglia, although in contrast, PGE 2 responses were decreased by cigarette smoke exposure. These data suggest that cigarette smoke exposure in guinea pigs is capable of inducing a phenotype change in airway sensory nerves comparable with the cough responses observed in cigarette smoke exposed animals and patients with COPD. Interestingly, the same study showed that different patient groups (COPD, healthy smokers, refractory chronic cough and asthma) demonstrated differing patterns of cough response to capsaicin, PGE 2 and citric acid. The different profiles of cough responses support the concept of disease-specific neurophenotypes in chronic lung disease [35] . Interestingly, it is still not clear whether increased sensitivity to various challenge agents acting on particular GPCRs or ion channel targets informs us regarding whether a particular intervention will be useful in a particular disease setting. Currently, the only example is a study which utilised the TRPV1 inhibitor, SB-705498, in a clinical trial in patients with chronic idiopathic cough (a group which demonstrates an increased cough sensitivity to the TRPV1 agonist, capsaicin) utilising objective cough monitoring and capsaicin challenge as a pharmacodynamic marker of target engagement. In this study SB705498 was shown to have a small, statistically significant effect on capsaicin-evoked cough, but no effect on spontaneous cough frequency in refractory chronic cough patients [46] . This study may provide an early indication that increased sensitivity to one mechanism (e.g. TRPV1), demonstrated by challenge studies (e.g. capsaicin), does not necessarily implicate the utility of a certain target in a particular patient group. However, as there was only a small shift in the response to capsaicin, the pharmacodynamic marker in this study, further studies, with a more appropriate interventional tool, are required for confirmation.
TRPA1
TRPA1 (formerly ANKTM1) is the only member of the TRP-ankyrin family of ion channels expressed in mammals. It was named according to the large number of ankyrin repeats on its N-terminal domain [47] . TRPA1 is a voltage-dependent calcium-permeable cation channel which was originally discovered in human cultured fibroblasts [48] , but is now known to be widely expressed in sensory nociceptive neurons in the vagal, jugular and nodose ganglia [30, 47] . However, unlike TRPV1, TRPA1 only seems to activate C-fibres and, interestingly, single-cell PCR experiments have identified that although they are often co-expressed in neurons within the jugular and nodose ganglia, they are also found separately [32, 49] . TRPA1 channels are activated by a range of natural products such as allyl isothiocyanate, allicin and cannabinol, found in mustard oil, garlic and cannabis [50] [51] [52] , and by environmental irritants (e.g. acrolein, present in air pollution and cigarette smoke) [53, 54] . TRPA1 is also the molecular target for reactive and electrophilic by-products of oxidative stress including reactive oxygen species (ROS), nitrative (reactive nitrogen species) and carbonylic (reactive carbonyl species) stress. Interestingly, this also includes electrophiles such as hypochlorite and hydrogen peroxide [55, 56] . Recently, lipopolysaccharide (LPS) was identified as a TRPA1 activator and exerts fast, membrane delimited, excitatory actions via TRPA1, which develop independently of TLR4 activation [57] . In addition, recent data have demonstrated an interaction between diesel exhaust particles (DEP) and the activation of airway C-fibre afferents. Polycyclic aromatic hydrocarbons, major constituents of DEP, were implicated in this process via activation of the aryl hydrocarbon receptor and subsequent mitochondrial ROS production, which is known to activate TRPA1 on nociceptive C-fibres [58] . In addition to chemical ligands, TRPA1 is believed to be a sensor of physical stimuli, including responding to low noxious cold temperatures <17°C [47] , although there is still a certain amount of controversy surrounding the role of TRPA1 as a thermosensor [59, 60] .
TRPA1 antagonists have been demonstrated to inhibit sensory nerve activation and cough evoked by TRPA1 agonists and inflammatory mediators such as PGE 2 and bradykinin following activation of their respective GPCRs and cough in response to citric acid (low pH solution) [23, [61] [62] [63] [64] . Cinnamaldehyde, a TRPA1 agonist, has been shown to cause cough in clinical studies in normal volunteers [63] . In addition, TRPA1 antagonists have also been shown to significantly inhibit cough in a conscious guinea pig model to the clinical challenge agent, citric acid [63, 64] . However, it is not known whether it is the low pH component of citric acid or the increased osmolarity that is responsible for activating TRPA1 and evoking cough. Previously, it was commonly believed that citric acid evoked cough by virtue of its low pH properties and activation of TRPV1 and acid-sensing ion channels were believed to be responsible [29, 65, 66] .
In allergic asthma, exposure to relevant antigens leads to an early asthmatic response (EAR) followed, in certain subjects, by a corticosteroid-sensitive late asthmatic response (LAR). Although many subjects with asthma consider LAR to be one of the defining symptoms of their disease, and despite its widespread use in the clinical assessment of new therapeutic entities, the mechanism underlying the LAR remains unclear. Recent studies suggest that TRPA1 channels activate vagal bronchopulmonary C-fibres in rodent lung, inducing a LAR in sensitised rodents following allergen challenge [67] . The mechanism of action is not completely elucidated, but it is likely that allergens stimulate the channel indirectly via the release of endogenously produced TRPA1 activators ( possibly mast cell products such as tryptase released as a consequence of the EAR), which leads to sensory nerve activation via the TRPA1 channel and central reflex events, ultimately leading to a parasympathetic, cholinergic reflex bronchoconstrictor response (inhibited by LAMAs such as tiotropium and glycopyrrolate) which may be responsible for the LAR seen in this model [67] (figure 1). The data are supported by clinical studies suggesting that LAMAs can improve symptoms and lung function in patients with asthma [68] . Interestingly, toluene di-isocyanate (TDI), a reactive compound used in the manufacture of polymeric derivatives, can evoke respiratory symptoms, including LAR, in exposed workers [69] . Furthermore, it is believed that TRPA1 activation mediates TDI-induced respiratory irritation, and that in this case the irritant may directly stimulate sensory nerves to initiate a steroid-resistant LAR [70] . Therefore, irritant-induced asthma models may be a good model of nonatopic asthma, and these data suggest that neuronal reflexes may be a feature of this particular asthma phenotype. The same may be true for exercise, as we believe that airway dehydration as a result of increased ventilation resulting in augmented osmolarity of the airway lining fluid may activate TRP channels and thereby airway reflex events. It is well known that hyperosmolar solutions (e.g. mannitol) provoke bronchoconstriction and cough in asthmatics via activation of sensory nerves [71] . Consistent with a neuronal mechanism, anticholinergics produce significant protection from exercise-induced bronchospasm [72] . With nonallergic triggers we propose that the agent would directly stimulate nerves, via TRP channels, to induce bronchospasm/LAR/cough in a steroid-resistant manner, explaining the relative treatment-resistant phenotype associated with nonallergic, non-T-helper cell type 2 asthma (figure 1).
TRPV4
TRPV4 is a calcium-and magnesium-permeable nonselective cation channel with a proline-rich region and six ankyrin repeats within its cytosolic N-terminus [73] . TRPV4 is a temperature-sensitive ion channel responding to temperatures in the range 24-42°C and to a wide range of endogenous and exogenous stimuli (e.g. arachidonic acid derivatives, changes in osmolarity, endocannabinoids, α-phorbols, proteases and mechanical stimuli) [74] [75] [76] . TRPV4 mRNA expression has been demonstrated in rodent sensory, trigeminal, dorsal root, vestibular, nodose and jugular ganglia [8, 9, [77] [78] [79] [80] [81] . However, expression studies were performed on whole ganglia rather than single-cell expression studies on isolated neurons, so expression on non-neuronal cells cannot be ruled out. More recently, single-cell expression studies performed on airway-specific neurons from the jugular or nodose ganglia did not yield convincing data relating to TRPV4 mRNA expression in the vagal ganglia [82] , but did demonstrate TRPV4-induced activation of guinea pig airway-specific, primary nodose, but not jugular, ganglion cells. In the same study, TRPV4 ligands and hypo-osmotic solutions caused depolarisation of murine, guinea pig and human vagus nerve and firing of Aδ fibres (not C-fibres) which was inhibited by TRPV4 and P2X3 receptor antagonists. Both antagonists blocked TRPV4-induced cough, suggesting that TRPV4 releases ATP which activates the Aδ-fibres to induce cough. This study identifies the TRPV4-ATP-P2X3 axis as a driver of airway sensory nerve reflexes such as cough [82] . However, it is still not clear where TRPV4 is expressed in this context, although the identification of P2X3 receptors on airway afferents [83] and a recent clinical trial demonstrating the efficacy of a P2X3 receptor antagonist in treatment-resistant chronic cough patients would support the role of ATP as a driver of the cough reflex [84] .
TRPM8
TRPM8 is a member of the melastatin family of nonselective cation channels and functions as a homotetramer [85] and is expressed in a subpopulation of primary afferent neurons within the dorsal root, trigeminal [86] , vagal, nodose and jugular ganglia [30] . TRPM8 is activated by the cooling compounds menthol, icilin and eucalyptol and by cool temperatures (15-28°C) [85, 86] . In fact, TRPM8 is thought to be the target responsible for cough and bronchoconstriction caused by inhalation of cold air [86, 87] . In contrast, menthol, which is thought to exert its actions through the TRPM8 channel, has been shown to inhibit citric acid-induced cough in guinea pigs [88, 89] and humans [90] and causes a short-lasting decrease in capsaicin cough in normal subjects [91] . Furthermore, it has been used as an OTC medication for a number of years for its antitussive properties, and is often added to cigarettes to inhibit irritancy [73] . Therefore, there is still a question mark over whether the beneficial effects of menthol in the lung are mediated via activation of TRPM8 [92] , and there are conflicting data on the role of the TRPM8 channel in the literature. This is likely to be confounded by the lack of selective tools. For example, in addition to their effects on TRPM8, both menthol and icilin activate TRPA1 at high concentrations. A number of novel TRPM8 inhibitors have been developed, which should help shed light on the role of this channel. FIGURE 1 Schematic representation of the proposed mechanisms involved in the late asthmatic response (LAR) evoked by allergic and nonallergic stimuli. In allergic asthma, exposure to relevant antigens leads to an early asthmatic response (EAR) followed, in certain subjects, by a corticosteroid-sensitive LAR. Our hypothesis is that allergen challenge leads to sensory nerve activation via the transient receptor potential (TRP)A1 channel (blocked by TRPA1 antagonists) and central reflex events (blocked by anaesthesia), ultimately leading to a parasympathetic cholinergic bronchoconstrictor response. This is mediated by acetylcholine (ACh) activating muscarinic M 3 receptors, causing bronchospasm, which is blocked by anticholinergics. The mechanism of action is not completely clear, but it is likely that the allergen stimulates the channel indirectly via the release of endogenously produced TRPA1 activators ( possibly mast cell products such as tryptase released as a consequence of the EAR). Many nonallergic asthma triggers (e.g. reactive chemicals, ozone, air pollution and exercise) can initiate respiratory symptoms, including a LAR. It is now recognised that TRP channel activation may be involved in the initiation of these reflex events. Many of these agents (e.g. toluene di-isothiocyanate (TDI)) can stimulate TRP channels directly to induce respiratory irritation. Our hypothesis regarding exercise is that the key stimulus is airway dehydration as a result of increased ventilation, resulting in augmented osmolarity of the airway lining fluid. It is well known that hyperosmolar solutions provoke bronchoconstriction, and are known to activate sensory nerves and evoke reflex events such as bronchospasm and cough in asthmatics. Consistent with a neuronal mechanism, anticholinergics provide significant protection from exercise-induced bronchospasm. With nonallergic asthma triggers we propose that the agent could directly stimulate sensory nerves to initiate the LAR in a steroid-resistant manner, explaining the relative treatment-resistant phenotype associated with nonallergic, non-T-helper cell type 2 asthma.
TRPM3
The TRPM3 gene codes for different TRPM3 isoforms with different pore and gating properties [93] . TRPM3α2 is a calcium-permeable nonselective cation channel, and is referred to as TRPM3 in this article. TRPM3 has been identified as a noxious heat sensor and TRPM3 knockout mice have an impaired detection of noxious heat [94] . TRPM3 is activated by hypotonic cell swelling [95] , the neurosteroid pregnenolone sulphate [96] and the potent synthetic ligand CIM0216 [97] . There is a synergistic effect of heat and pregnenolone sulphate or CIM0216 on the activation of TRPM3 [94, 97] . It is a volume-regulated ion channel shown to be highly expressed in somatosensory neurons [94] , and gene expression studies have demonstrated it to be highly expressed in single airway-specific neurons from the jugular and nodose ganglia [98] . Activation of TRPM3 on airway sensory nerves has been shown to cause calcium flux in both the nodose and jugular ganglia, depolarisation of guinea pig, mouse and human vagus nerves and single fibre firing in the anaesthetised guinea pig [98] . Further investigations are required to determine whether activation of TRPM3 results in functional effects in the airways and whether these are of relevance in chronic lung diseases.
Role of TRP channels in non-neuronal cells and in the pathophysiology of chronic lung disease
Emerging data show more widespread expression of TRP channels in the lung on non-neuronal cells, including structural and immune cells [9, 11] (table 1) . Furthermore, in some cases certain TRP channel single nucleotide polymorphisms (SNPs) have been associated with "disease" phenotypes and increases in TRP gene expression found in lung samples from patients with chronic lung disease. These data all point to a role for TRP channels in disease pathophysiology in addition to their well-documented role in the control of respiratory symptoms such as bronchospasm and cough [9, 11] .
TRPV1
Originally, TRPV1 channel expression was thought to be confined to sensory afferents, but it is now thought to be expressed in a range of tissues and organs. In the lung, TRPV1 expression has been found in human bronchial epithelial cells with an increase in expression in cells from the airways of patients with refractory asthma [99] [100] [101] [102] [103] [104] [105] 109] , fibroblasts [102] , T-cells [106, 107, 115] and human alveolar macrophages [99] . Several studies suggest that TRPV1 channel activation evokes the release of proinflammatory cytokines and ATP from bronchial epithelial cells [99, [103] [104] [105] 116] . Furthermore, in the context of COPD, the TRPV1 inhibitor JNJ17203212 reduced the cigarette smoke-induced release of ATP from human bronchial epithelial cells and TRPV1 −/− mice demonstrated less cigarette smoke-induced ATP release and exhibited reduced neutrophilic inflammation in the bronchoalveolar lavage fluid than wild-type mice [99] . Interestingly, in the same study TRPV1 mRNA expression was increased in whole-lung homogenates from emphysema patients compared to smokers and healthy nonsmokers, suggesting increased expression of TRPV1 associated with disease pathophysiology in non-neuronal cell types [99] . Another study investigated the association of SNPs in the candidate genes TRPV1, TRPV4 and TRPA1 with cough symptoms. TRPV1 SNPs were associated with cough in subjects without asthma from two independent studies in eight European countries, suggesting that TRPV1 SNPs may enhance susceptibility to cough in current smokers and in subjects with a history of workplace exposure [117] .
Additional data exist in animal models of asthma either utilising small-molecule antagonists or TRPV1 −/− knockout mice. Some studies have shown no impact or alternatively a protective effect of TRPV1 inhibition in rodent ovalbumin challenge models on standard end-points thought to encapsulate the allergic asthma phenotype including eosinophilia, airway hyperresponsiveness and the LAR [68, 118, 119] . In other studies, inhibition of TRPV1 has been shown to inhibit the IL-13-driven asthma phenotype in a murine model and airway hyperresponsiveness to histamine in a guinea pig ovalbumin model [120, 121] . Consistent with these findings, another study suggests that TRPV1, and not TRPA1, plays a discrete role in modulating aspects of the asthma phenotype in a house dust mite-driven murine model reducing plasma IgE levels, airway cellular inflammation and airway hyperresponsiveness. In this study confirmation was obtained in an alternative model system utilising a second species, the Brown Norway rat, an alternative antigen; ovalbumin and a small-molecule TRPV1 inhibitor, XEN-D0501 [122] . Interestingly, the effect of XEN-D0501 on cellular inflammation, when dosed around the challenge, was similar to that observed in TRPV1 −/− mice, but the levels of IgE remained unchanged, consistent with an effect in the challenge phase of the model [122] . In addition, an impact was observed on the LAR. Although many of the effects seen in this study did not reach statistical significance there was a consistent suppression across the functional end-points measured, suggesting a discrete role for TRPV1 in driving CD4 + -dependent allergic asthma models [122] .
It is not clear why differences have been observed in studies investigating a role for TRPV1 in allergic asthma, but this could be explained by the differences in species, strain, antigens and interventions used to dissect TRPV1 biology. Given the emergence of potent TRPV1 inhibitors with appropriate pharmacokinetic profiles for in vivo studies the picture should become clearer in the future [11] . In the absence of definitive preclinical data, there are data available from human in vitro studies where increased TRPV1 gene expression has been demonstrated in asthma [100, 102] , and population-based genetic association studies which have documented a TRPV1 genetic variant to be associated with a lower risk of childhood asthma or the presence of wheezing [123] .
TRPA1
Although TRPA1 is predominantly expressed in sensory nociceptive neurons, TRPA1 gene expression has been demonstrated in non-neuronal cells, including epithelial, fibroblasts, B-cells, airway smooth muscle, CD4 + and CD8 + T-cells [108, 109, 110, 124] . A role for TRPA1 has been demonstrated in murine models of allergic asthma utilising small molecule antagonists and TRPA1 −/− mice with an inhibitory effect on inflammatory mediator and mucus production, leukocyte infiltration and airway hyperresponsiveness (AHR) to acetylcholine [118] . In addition, TRPA1 −/− mice displayed deficiencies in allergen-induced neuropeptide release in the airways, which the authors suggested provided a potential explanation for the impaired inflammatory response, although the rationale for this is not completely clear and this finding was not reproduced in other studies [122] . Interestingly, a role for TRPA1 has also been proposed in nonallergic inflammation in a study set up in a murine model which aimed to recapitulate incidents of AHR experienced by swimmers due to increased exposure to hypochlorite. The authors proposed that the AHR following exposure to hypochlorite and ovalbumin depends on a neuroimmune interaction that involves TRPA1-dependent stimulation of sensory neurons and mast cell activation, although the rationale is not obvious given AHR to direct contractile agents is not thought to have a neuronal component as they are thought to activate airway smooth muscle directly [125] . Another article by the same authors demonstrated that TRPA1, TRPV1 and mast cells play an indispensable role in the development of TDI-elicited AHR [126] . In the context of COPD-relevant disease biology, cigarette smoke extract has been shown to evoke IL-8 release from human epithelial cells, smooth muscle cells and fibroblasts and cigarette smoke and acrolein have been shown to release keratinocyte-derived chemokine (murine orthologue) in a murine model. These effects were reduced by a TRPA1 antagonist, suggesting a role for TRPA1 in a non-neuronally driven inflammatory response [110] . However, although these observations exist, most of the current literature has pointed to a predominant role for TRPA1 in the activation of sensory afferents and reflex events.
In population-based studies, data have been published demonstrating associations between TRPA1 SNPs and current doctor-diagnosed asthma and total IgE concentration at 7.5 years in the Avon Longitudinal Study of Parents and Children (ALSPAC) birth cohort. In ALSPAC, there was strong evidence for association between six SNPs and asthma: in a meta-analysis across ALSPAC and two further birth cohorts, the pooled effect estimates confirmed that all six SNPs were significantly associated with asthma. This study suggests that TRPA1 may play a role in the development of childhood asthma [127] .
TRPV4
TRPV4 is expressed across a wide range of non-neuronal human cell types in the airways, including structural cells such as airway smooth muscle, epithelial cells, fibroblasts and pulmonary vessels and inflammatory cells including macrophages (but not highly differentiated surrogates: the circulating monocytic precursor cell, monocyte derived macrophages, in vitro differentiated promonocytic THP-1 and U937 cells or promyelocytic HL-60 leukaemia cells), neutrophils and T-cells [99, 107, 111, 112, 114, [128] [129] [130] [131] [132] . However, in the respiratory system, the function of TRPV4 is probably best understood in relation to its role in acute lung injury, which is not covered in this review [133] . A wide range of proinflammatory, disease-relevant stimuli are known to activate TRPV4, so it is not surprising that activation may give rise to functional effects that could play a role in the pathophysiology of chronic lung diseases. For example, it has been demonstrated that TRPV4 agonists can evoke bronchospasm in an in vivo anaesthetised guinea pig model, although in this case sensory nerve reflexes are not involved since both vagus nerves were cut [134] . Consistent with this are observations that a TRPV4 agonist can evoke a mast-cell dependent contractile response of human bronchi and guinea pig tracheal airway smooth muscle in vitro. This effect is thought to be mediated by TRPV4-mediated ATP release from airway smooth muscle, which activates P2X4 receptors on mast cells to release cysteinyl leukotrienes (LT) which activate the Cys LT 1 receptor to evoke contraction [112, 134] . Interestingly, many of the functional effects of TRPV4 activation are due to the release of ATP and activation of purinoceptors [8, 82, 99, 134, 135] and TRPV4-induced ATP release has been demonstrated in human macrophages, epithelial and smooth muscle cells [99, 113, 135] . In addition, TRPV4-induced ATP release has been shown to be released via a pannexin 1-dependent mechanism [82, 99, 135] .
COPD is an inflammatory disease usually associated with cigarette smoking, in which increase in extracellular (e)ATP has been noted and suggested to play a key role in driving cigarette smoke-induced airway inflammation, but the mechanism involved in ATP release has eluded researchers [136, 137] . Cigarette smoke exposure was found to cause a dose-related increase in ATP from primary human bronchial epithelial cells that was attenuated by blockers of TRPV1, TRPV4 and pannexin-1 channels (but not TRPA1) [99] . The same study documented an increase in TRPV4 mRNA expression in whole-lung tissue from COPD patients compared to healthy smokers and nonsmokers. Parallel data were obtained using a murine acute cigarette smoke-driven in vivo model system where the neutrophilic inflammatory response was inhibited in TRPV4 −/− and pannexin 1 −/− (but not TRPA1 −/− ) mice [99] . These data are consistent with data suggesting that the cigarette smoke-induced inflammation is driven by the release of eATP resulting in P2X7 and subsequent inflammasome activation. Interestingly, the innate immune response was not altered in TRPV4 −/− mice challenged with an aerosol of LPS [138] [139] [140] [141] .
Preclinical studies have indicated a possible role for TRPV4 in the pathophysiology of asthma. In a Brown Norway rat ovalbumin model of allergic asthma, antigen challenge triggered a LAR response that was inhibited by two structurally distinct LAMAs, (tiotropium and glycopyrrolate). In naïve rats, an inhaled TRPV4 agonist caused a "LAR-like" response which was attenuated by a TRPV4 inhibitor, a P2X3 inhibitor and glycopyrrolate, suggesting that stimulation of the TRPV4-ATP axis could replicate the LAR. To confirm a role for TRPV4-ATP axis, blockade of TRPV4 or P2X3 attenuated the LAR in the rat ovalbumin asthma model. Furthermore, targeting TRPV4 using either genetically modified mice (house dust mite model) or a pharmacological inhibitor (dosed after sensitisation but before challenge in a rat ovalbumin model) abolished IgE levels in the mouse model, but had no impact in the rat. In addition, airway inflammation was significantly decreased in both models utilising TRPV4 −/− mice or TRPV4 inhibitors in the rat and this was associated with suppression of antigen-triggered changes in AHR. These data suggest that airway sensory nerves can be triggered via a TRPV4-ATP-P2X3 axis to cause a parasympathetic reflex to drive the LAR, and that the TRPV4 axis is responsible for the allergic inflammatory response and AHR, although a role for ATP and any involvement of a P2X receptor remains to be established [142, 143] .
TRPV4 channels are expressed and TRPV4 activity is upregulated in lung fibroblasts derived from patients with IPF. In addition, TRPV4-deficient mice are protected from fibrosis [114] . TRPV4 activity modulated transforming growth factor-β1-dependent actions in a SMAD-independent manner with enhanced actomyosin remodelling and increased nuclear translocation of the α-smooth muscle actin transcription coactivator. These data indicate that TRPV4 activity mediates pulmonary fibrosis and suggest that inhibition of TRPV4 has potential as a therapeutic approach in IPF [114] . As in both asthma and COPD, increased amounts of ATP have been detected in the airways of IPF patients [136] [137] [138] , but currently there is no evidence available regarding the potential role of the TRPV4-pannexin-ATP axis in IPF disease pathogenesis.
Genetic variants of TRPV4 have been associated with asthma and COPD. A study has described the association of a functional SNP, TRPV4-P19S, with childhood asthma. However, functional analysis of TRPV4-P19S, despite its loss-of-channel function, showed no significant association with asthma or the presence of wheezing [123] . Conversely, a genome-wide association study highlighted seven TRPV4 SNPs which conferred increased susceptibility to COPD pathologies [141] . Therefore, modulating TRPV4 protein structure and activity may impact on COPD pathophysiology. However, further functional studies are needed to clarify the molecular mechanism of TRPV4 variants in the pathophysiology of COPD.
Summary
It is becoming clear that TRP channels have a major role to play in pathophysiology and symptoms across a wide range of chronic lung diseases. Some TRP channels with widespread expression profiles across a number of non-neuronal cell types (e.g. TRPV4) may be more broad-spectrum targets capable of impacting the inflammatory phenotypes observed in chronic lung diseases in addition to addressing symptoms such as cough. However, even if the development of an antitussive therapy is not the primary aim, it should be noted that the use of objective cough monitoring as a functional biomarker may be a useful pharmacodynamic marker in early stage proof-of-concept clinical studies in a clinical development programme.
Alternatively, some targets appear to have a more discrete expression profile (e.g. TRPA1) which is mostly associated with sensory nerves and as such may be more appropriate to target symptoms such cough. That said, the role of airway innervation in clinical disease has been largely overlooked and there is now strong evidence to suggest that nerves play a key role in driving disease pathophysiology in addition to symptoms such as cough. An example of this could be nonallergic asthma, given that many of the irritants that trigger asthma episodes among this patient group are now known to activate TRPA1. However, the divergent profile of tussive responses described in clinical challenge studies among patients with different chronic lung diseases and even in patients within one disease group (e.g. asthma) supports the hypothesis of disease-specific neurophenotypes [35, 38] . As such it will become necessary to identify which patient subgroups may be more susceptible to therapeutics targeting neuronal hyperresponsiveness. Therefore, it will become increasingly important to perform mechanistic studies preclinically and clinically in order to discover which disease groups are more likely to benefit from certain treatments. TRP antagonists listed in table 2) , proof-of-concept clinical studies could be undertaken by adopting a repositioning approach and utilising compounds from pain and other therapeutic areas. This strategy was successful with the P2X3 inhibitor, AF219, which was found to demonstrate unprecedented efficacy in chronic cough in treatment-resistant patients [86] . The success of an oral small-molecule compound in the respiratory area is a breath of fresh air to this field and has given us hope with a new era of ion channel discovery in the respiratory area.
